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ABSTRACT The "30-nm" chromatin fibers, as observed
in eukaryotic nuclei, are considered a discrete level in a
hierarchy of DNA folding. At present, there is considerable
debate as to how the nudeosomes and linker DNA are orga-
nized within chromatin fibers, and a number of models have
been proposed, many of which are based on helical symmetry
and imply specific contacts between nucleosomes. However,
when observed in nuclei or after isolation, chromatin fibers
show considerable structural irregularity. In the present study,
chromatin folding is considered solely in terms of the known
properties of the nudeosome-linker unit, taking into account
the relative rotation between consecutive nucleosomes that
results from the helical twist of DNA. Model building based on
this premise, and with a constant length of linker DNA between
consecutive nucleosomes, results in a family of fiber- and
ribbon-like structure. When the linker length between nucle-
osomes is aflowed to vary, as occurs in nature, fibers showing
the types of irregulaity observed in nuclei and in isolated
chromatin are created. The potential application of the model
in determining the three-dimensional organization of chroma-
tin in which nucleosome positions are known is discussed.

The genome of most eukaryotes is complexed with proteins
to form chromatin (1). Under low salt conditions in vitro, the
complex assumes its simplest conformation and is seen as a
beaded chain of 11-nm (diameter) nucleosomes (e.g., ref. 2).
As the ionic strength of the medium is raised, the nucleoso-
mal chain condenses, eventually forming a compact fiber
30-40 nm in diameter (1-3). These compact fibers observed
in isolated chromatin in vitro are presumed to be related to
similar structures seen in thin sections of certain types of
nuclei such as nucleated erythrocytes (e.g., refs. 4 and 5).
X-ray scattering studies of whole cells and nuclei often show
30- to 45-nm reflections that have been interpreted as arising
from the center-to-center spacing of compact chromatin
fibers (6). These results suggest that the compact chromatin
fiber constitutes a distinct level of chromatin organization,
especially for transcriptionally inactive chromatin. In this
context, the architecture of the fiber would implicitly define
the substrate for the regulatory events that lead to chromatin
unfolding, a prerequisite for transcription.
Attempts to deduce the structure of compact chromatin

fibers have resulted in a number of proposals that include
both symmetrical and nonsymmetrical arrangements of nu-
cleosomes (reviewed in ref. 7). There is evidence suggesting
some degree of symmetry in fiber structure: an intermediate
conformation between the nucleosome chain and the com-
pact chromatin fiber is a "zig-zag ribbon" (2) that can display
considerable regularity (8), and isolated fibers prepared for
electron microscopy contain regions with a limited amount of
internal order (2, 3, 9-11). All proposed model structures
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with symmetry are helical in nature and differ principally in
the location and conformation of the linker DNA. They all
predict regular nucleosome-nucleosome contacts. To date,
however, insufficient evidence has been obtained to confirm
any of these model structures. It has not been possible to
resolve the DNA path between nucleosomes using direct
microscopic observation, nor have fibers been obtained with
sufficient regularity to generate diffraction patterns from
which the architecture can be derived. In fact, a consistent
finding of ultrastructural investigations from early studies
(12) to the more recent complete three-dimensional recon-
structions of sectioned and negatively stained material (re-
viewed in ref. 13) has been the irregularity of the fibers and
of the locations of nucleosomes within them. Chromatin
fibers have also been imaged in ice (14) and after low-
temperature embedding (5) without revealing more than short
stretches of the type of regularity predicted by model struc-
tures, making it unlikely that a failure ofpreparative methods
to preserve an inherently symmetrical structure is involved.
Recently, a thermodynamic argument favoring disorder in
chromatin fibers has been advanced (15).
We have considered the structure of the native chromatin

fiber in terms of two separate components: a level of DNA
folding that is derived from the intrinsic properties of the
nucleosome-linker unit and a degree of compaction deter-
mined by the local concentration of ions and other charged
molecules. We discuss how folding may be affected by the
variations in linker DNA length that occur in nature between
consecutive nucleosomes (1, 16) and that will give rise to
changes in the relative rotation angle as well as in the distance
between them (17-19).
By separating folding from the more complex issue of

compaction, we are able to avoid making assumptions that
are implicit in most helical models but not well supported by
experimental evidence. These include the imposition of sym-
metry via specific linker DNA trajectories and the involve-
ment of specific nucleosome-nucleosome contacts in gener-
ating or maintaining periodicity in chromatin fibers. We show
that structures derived using these minimal constraints share
many of the features observed in chromatin.

MATERIALS AND METHODS
Model construction begins with a first nucleosome in an
arbitrary orientation in three dimensional space (Fig. 1). The
exiting linker continues in the plane established within the
nucleosome, its trajectory in the plane being defined by the
selected entry-exit angle (a). From the chosen linker length
(L), defined here as the length ofDNA in base pairs between
chromatosomes (1), the coordinates of the linker entry point
of nucleosome 2 are calculated. The plane of nucleosome 2
with respect to nucleosome 1 is established by the helical
twist ofDNA (selectable, and usually set at 10.4 bp per turn)
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and L. We define the relative rotation between consecutive
nucleosomes as the angle (,B). The program includes the
option of introducing the contribution of the chromatosome
to the rotation angle. This requires selecting values for the
average helical twist ofthe 146 bp ofDNA on the nucleosome
core and for the 20 bp of "chromatosome linker."
The coordinates ofpoints along a helical ramp representing

the DNA of nucleosome 2 are determined, after which the
procedure repeats with the next linker. Nucleosome diameter
and thickness are 11.0 nm and 5.5 nm, respectively (1), and
the DNA rise per base pair is taken as 0.34 nm. From the
linker entry/exit points, a histogram of the distance between
nearest neighbors may be calculated, and a sliding average of
the location of 10 or more nucleosomes is used to plot a
"fiber" axis. The data may be displayed graphically as
orthogonal projections or as three-dimensional perspective
views that can be rotated interactively.
Long chromatin fibers were isolated in 80 mM monovalent

ions from Necturus maculosus erythrocyte nuclei as de-
scribed (10), fixed for 24 hr with 0.1% glutaraldehyde,
adsorbed to carbon films in a thin layer of5% glucose, and air
dried. Chromatin fragments isolated from chicken erythro-
cyte nuclei were freeze-dried and shadowed as described (3).
Sperm from the starfish Patiria miniata were homogenized
briefly in artificial sea water, fixed in 2% glutaraldehyde in
150 mM NaCl/15 mM Hepes, pH 8.0, and embedded in
Lowicryl K11M at -55°C, and thin sections were stained
with osmium ammine B as described (20).

RESULTS
The nucleosome-linker system we have modeled is illus-
trated in Fig. 1. The entering and exiting linkers "cross" at
the entry-exit site (21) where the globular domain of histone
Hi is thought to be located and to "seal" the two turns of
DNA (1). The rotation angle (,() between adjacent nucleo-
somes is determined by the length of the linker (L), which
here represents the length ofDNA between chromatosomes
rather than nucleosomes. A complete turn of the double helix
results in a 3600 change in (. Changes in L also directly affect
the spacing between adjacent nucleosomes. The only other
variable in the model is the entry-exit angle (a) of the two
linker DNAs. For chromatin in the uncompacted zig-zag
conformation, observed under conditions least likely to affect
this parameter, the angle is estimated to vary between 20 and
60 degrees (Fig. 4; ref. 22). Our algorithm allows variation of
the number of base pairs of linker DNA between specified
maxima and minima, either randomly or using a Gaussian
distribution. In addition, the entry-exit angle (a) may be
varied randomly over a specified range.

Model Structures. We first determined the range of chro-
matin architectures defined by the model using fixed values
for linker length and entry-exit angle. In all cases, a sym-
metrical linear assemblage of nucleosomes is produced,
ranging from the completely extended beads-on-a-string (en-
try-exit angle, 1800) to fibers with densely packed nucleo-
somes. Some examples, covering a complete 3600 "cycle" of
rotation angles are shown in Fig. 2. Common features are
helical arrangements of nucleosomes at the fiber periphery
and an internal location of linker DNA. The latter property
results in the dependence of diameter on linker length, a
feature oftwo proposed models for the 30-nm chromatin fiber
(9, 23).
Whereas the periodicity of the folding pattern is a general

property of the nucleosome-linker unit, the precise location
in the cycle for a given linker length is extremely sensitive to
the value used for the helical twist of DNA. Also, the
inclusion of a fixed contribution to (8 from the chromatosome
(see Materials and Methods) has the effect of shifting the
phase of the cycle different amounts depending on the values
used for the twist of DNA on the nucleosome core and
chromatosome portion of the linker. Given the present un-
certainties in these values, it is not possible to assign with
confidence the phase of cycle for a specific linker DNA
length, and, as discussed below, an alternative empirical
determination of p may be possible.
One parameter of isolated compact fibers that has been

estimated from electric dichroism measurements is the tilt
angle of the nucleosomal disk with respect to the fiber axis
(24-26). In the modeled system, there is a simple linear
relationship between ( and nucleosome tilt, values of 00 (and
3600) for ,( resulting in nucleosomes oriented perpendicular to
the fiber axis, whereas for (3= 1800, the nucleosome disks are
parallel to the axis (see Fig. 2). The reported values for
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FIG. 1. The nucleosome-linker-nucleosome unit. a, Linker en-

try-exit angle; L, linker DNA length (distance between consecutive
entry-exit points); (3, rotation angle between consecutive nucleo-
somes.

FIG. 2. Examples of the chromatin structures generated when
linker DNA length between consecutive nucleosomes is kept con-
stant (for a given run). At the right is shown the rotation angle
between nucleosomes for each structure. For this series, linkerDNA
lengths (bp) were (from the top) 52, 53, 54, 55, 56, 59, 60, 61, and 62,
the entry-exit angle (a) was 300 in all cases, and the DNA twist was
10 bp per turn. Structures with linker DNAs of 57 bp and 58 bp had
high nucleosome packing ratios and are not illustrated.
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nucleosome tilt (ranging from 300 to 450) imply restrictions on
allowable values for,B. Nucleosome tilt is not affected by the
linker entry-exit angle (a).

Effects of Varying Linker Length. Having established the
basic architecture defined by the model, we investigated the
effects of introducing progressively greater variability in the
linker length between consecutive nucleosomes (Fig. 3).
Starting with a fixed linker length (46 bp) producing a straight
symmetrical fiber with circular cross section (Fig. 3a), the
linker was allowed to vary from 45 to 47 bp (Fig. 3b), 44 to
48 bp (Fig. 3c), and 43 to 49 bp (Fig. 3d), in each case using
a Gaussian distribution between the selected maxima and
minima. The structures shown in Fig. 3 b-d are produced by
a typical run of the program using the stated input parame-

FIG. 3. Effect of introducing linker DNA length variability. (a)
The initial conditions with fixed linker (46 bp) generate a symmetrical
fiber. (b) By allowing the linker DNA to vary from 45 bp to 47 bp,
a smoothly curving fiber is produced in which the symmetrical
arrangement of nucleosomes is still apparent. (c) When the linker
ranges from 44 bp to 48 bp, fibers show restricted regions where the
nucleosome arrangement appears ordered (brackets) as well as
sections with no apparent order. Abrupt changes in trajectory,
apparent discontinuities, and local variations in fiber diameter are
also obtained. (d) A much more disordered nucleosome arrangement
is obtained when the linker varies from 43 bp to 49 bp. Despite the
loss of symmetry, a fiber-like organization is retained, with mean
diameter similar to that in c and b. A linkerDNA twist of 10.4 bp per
turn, nucleosomal DNA twist of 10.2 bp per turn (27), and entry-exit
angle of 60° were used in all cases. For the fibers with varying linker,
a Gaussian distribution oflengths based on a mean of46 bp was used.

ters. In all cases, the fiber-like basic structure is maintained,
but its three-dimensional trajectory is altered, at first pro-
ducing a sinuous fiber in which the underlying symmetry of
nucleosome positions is easily recognized (Fig. 3b). When the
linker length is allowed to vary over 5 bp, abrupt changes in
fiber trajectory are common, resulting in apparent disconti-
nuities (Fig. 3c). However, short regions retaining some
degree of visual order are still apparent. When the variation
extends over 7 bp (mean ± 3 bp), the fiber follows a tortuous
path (for clarity, only short 50-nucleosome stretches are
shown in Fig. 3d) and nucleosome location appears to be
completely disordered. Nevertheless, by interactively rotat-
ing such structures, it is possible to recognize short regions
that retain some symmetry if viewed (or projected) in a
specific direction. Throughout this range of variations, the
mean fiber diameter remains remarkably constant. Variation
of the linker entry-exit angle between selected maxima and
minima also results in a loss of symmetry, but the effect is
much smaller than that of linker length, while allowing
variations in linker length and entry-exit angle has an addi-
tive effect (not shown).
Comparison with Observed Chromatin Structures. Fig. 4

shows a fragment of isolated chicken erythrocyte chromatin
prepared by freeze-drying, a technique that avoids the flat-
tening effect of surface forces. To the right, is a group of six
individual nucleosomes in which the linker DNA elements
are mostly straight. Two of the nucleosomes (identified by
arrowheads) are seen "edge on" rather than flat on the
substrate. This effect, recently confirmed by imaging oligo-
nucleosomes suspended in vitreous ice (C.L.W., J. Bednar,
and J. Dubochet, unpublished results), suggests that consec-
utive nucleosomes are rotated a significant amount with
respect to each other.

Normally, it is not possible to resolve nucleosomes and
linker DNA in thin sections of nuclei. However, low-
temperature embedding (5), in conjunction with a DNA-
specific stain (20) and observation at low temperature, pro-
vides significant improvement. Fig. 5 shows selected regions
of chromatin fiber in thin sections of starfish sperm nuclei
fixed in 150 mM NaCl. These nuclei have a normal comple-
ment of histones and typical nucleosomal organization (28).
In some places, the clearly defined nucleosomes (small
arrowheads) are connected by thin fiaments (large arrow-
heads), suggesting that at least some linker DNA is extended
in situ.
A striking effect of introducing linker variability to the

model structures is the complex trajectories that are gener-
ated (Fig. 3 b and c). Similar conformations are observed if
isolated chromatin fibers, fixed in 80 mM NaCl, are embed-
ded unstained in a thin film of glucose (Fig. 6).
Under these conditions, designed to preserve the overall

shape and mass density of the fibers, smooth and abrupt
changes in fiber direction are seen, as well as apparent
discontinuities. The diameter and mass density of the fibers

FIG. 4. Isolated polynucleosome from chicken erythrocyte nu-
cleus after freeze-drying and light shadowing. At the right is a group
of six consecutive nucleosomes in which the linker DNA segments
are almost straight. Some nucleosomes have adhered enface to the
carbon film whereas others (arrowheads) appear more edge on. (Bar
= 100 nm.)
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FIG. 5. Selected fibers from a thin section of a starfish sperm
nucleus stained with the osmium ammine B reagent. The chromatin
fibers show clearly defined nucleosomes (small arrowheads) that are
in some cases interconnected by filaments of extended linker DNA
(large arrowheads) that have a maximum length of '20 nm. The dark
spot at the bottom right is a gold particle on the surface ofthe section.
(Bar = 100 nm.)

also show the type of short-range variation seen in the model
structures of Fig. 3 c and d. Three-dimensional reconstruc-
tions of chromatin fibers in situ also show similar complex
trajectories and local variations in diameter and density (29).

DISCUSSION
Our strategy for predicting chromatin folding patterns pro-
duces structures that mimic many of the features observed in
isolated and in situ chromatin fibers. In establishing the initial
conditions, we assume no inherent symmetry or specific
nucleosome-nucleosome interactions but use only properties
of the nucleosome-linker unit under conditions of minimal
salt-induced compaction. An extended linker DNA is ob-
served under such conditions (Fig. 4; ref. 2), and although
persistence length effects will produce some deviation from
the straight linker segments generated by the model, for such
short DNA lengths (19) this will produce only a small
additional (and random) variability in the final structures.
The most interesting feature of the model structures ob-

tained when the linker length is varied (Fig. 3) is the degree

FIG. 6. Isolated polynucleosomes from N. maculosus erythro-
cytes prepared and fixed in 80 mM monovalent ions and embedded
unstained in a thin film of neutral glucose. The chromatin fibers show
the type of morphology obtained by introducing linker DNA vari-
ability of 3-7 bp in model structures (see Fig. 3). (Bar = 100 nm.)

to which they resemble actual chromatin fibers. By allowing
one parameter, linker length, to vary, chromatin structures
are obtained that (i) occupy approximately cylindrical vol-
umes with mean diameters similar to those of chromatin
fibers, (ii) follow complex three-dimensional trajectories, (iii)
show regions in which there is local short-range periodicity in
nucleosome position, and (iv) have nucleosomes positioned
toward the periphery of the fiber.

Structures bearing a close resemblance to chromatin fibers
are obtained with linker variations of ±2 bp and ±3 bp (Fig.
3), values considerably lower than the mean ± 17 bp reported
for trimmed di- and trinucleosomes from rat liver (ref. 16; see
also discussion in ref. 14). However, within populations of
trimmed dinucleosomes, quantization of linker lengths at
-10-bp intervals was found (18), implying a conservation of
nucleosome rotational setting, and a similar conclusion was
reached from DNase I digestion studies (17). Quantization of
mean nucleosome spacing among eukaryotes in general has
also been discussed (19), and the possibility has been raised
that short-range nucleosome spacings may be quite ngular
(30). More information concerning local translational and
rotational settings of consecutive nucleosomes is required in
order to judge whether the linker length ranges used in Fig.
4 are representative of the in vivo state.
Chromatin Compaction. Our model system predicts the

folding geometry of the nucleosome-linker unit and does not
address the changes that are known to occur in vitro as a
function of the salt concentration of the medium. The salt-
induced transitions of chromatin in vitro have been exten-
sively studied and analyzed in terms of the effects of charge
shielding and neutralization on the mutual repulsion ofDNA
(e.g., ref. 31).

In considering an extension of the folding model to salt-
compacted chromatin, it is important to know whether the
conformation of the linker DNA changes during the compac-
tion process. At present, the data on this issue are conflicting.
UV-induced thymine dimers occur preferentially in bent
DNA and are largely confined to nucleosomal rather than
linker DNA in intact nuclei (32, 33). Measurements of pa-
rameters such as x-ray scattering (34) and polarized photo-
bleaching (35) provide no evidence of the changes expected
for a transition from a straight to a curved linker as the
extended chain of nucleosomes folds into a compact fiber.
Also, thin sections of chromatin fibers fixed in situ, and
stained with the DNA-specific osmium ammine B reagent,
show filaments that are most likely extended linker DNA
(Fig. 5). On the other hand, the linker DNA of isolated
dinucleosomes does show Hi-independent salt-induced
bending, allowing the two nucleosomes to touch (36, 37), but
not to assume the face-to-face contact expected in a solenoi-
dal fiber. Also, reconstituted nucleosome 12-mers undergo a
salt-induced compaction independent of histone Hi and
thought to involve the bending of linker DNA (38).
Thus, the principal evidence that linkerDNA bends during

salt-induced compaction is derived from in vitro studies,
whereas evidence to the contrary has been obtained from
chromatin in the nucleus. Certainly, changes in chromatin
compaction appear to occur in vivo as well as in vitro, and,
if the basic folding of the nucleosomal chain occurs as
suggested here, then compaction must entail either a bending
of linker DNA or a change in linker entry-exit angle or both.
Such changes in linker conformation could be limited to that
needed to condense the fiber, rather than involve the super-
coiling required to bring neighboring nucleosomes together in
a solenoidal configuration.

Tests and Applications. In principle, the folding model
discussed here may be tested by observing the orientations of
nucleosomes on chromatin with mapped nucleosome loca-
tions (39, 40). Recently, the technical feasibility of making
measurements of this sort has been demonstrated by the
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three-dimensional reconstruction of individual DNA mole-
cules in the native fully hydrated state (41). The application
of this approach to defined chromatin structures will enable
the predictions of our folding proposal to be tested. It should
also be possible from such studies to determine directly the
relative rotation of the DNA between the entry and exit sites
on a nucleosome [perhaps variable, and dependent on the
sequence ofnucleosomal DNA (42)], the range of linkerDNA
entry-exit angles, and the changes that occur during the early
stages of salt-induced compaction.
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